ABSTRACT Drosophila mei-9 is essential for several DNA repair and recombination pathways, including nucleotide excision repair (NER), interstrand crosslink repair, and meiotic recombination. To better understand the role of MEI-9 in these processes, we characterized 10 unique mutant alleles of mei-9. These include a P-element insertion that disrupts repair functions but not the meiotic function; three nonsense mutations, one of which has nearly wild-type levels of protein; three missense mutations, one of which disrupts the meiotic function but not repair functions; two small in-frame deletions; and one frameshift.
T HE product of the Drosophila melanogaster mei-9 gene additional DNA repair pathways in which the mei-9 gene product is required. Sensitivity to ionizing radiation sugplays an essential role in nucleotide excision repair (NER; Boyd et al. 1976b) , the primary pathway for the gests a role in a double-strand break (DSB) repair pathway, and sensitivity to the bifunctional crosslinking removal of damage caused by ultraviolet (UV) light (reviewed in Sancar 1996; de Laat et al. 1999) . MEI-9 is agent nitrogen mustard (HN2) suggests a role in the repair of interstrand DNA crosslinks (ICLs). The functhe Drosophila ortholog of the human and yeast NER proteins XPF and Rad1p (Sekelsky et al. 1995) . XPF tions of MEI-9 in these presumed roles in DSB repair and Rad1p function as heterodimers with Ercc1 and and ICL repair are unknown. Rad10p, respectively (Bardwell et al. 1993; Park et al. In addition to its multiple DNA repair functions, 1995). These heterodimers recognize and nick specific mei-9 plays a key role in the meiotic recombination structures in which DNA transits from double-stranded pathway. The first mei-9 mutations (mei-9 a and mei-9 b ) to single-stranded regions (Bardwell et al. 1994;  were recovered by Baker and Carpenter (1972) in a Habraken et al. 1994; Park et al. 1995; Sijbers et al. screen for X-linked mutations that cause high levels 1996; de Laat et al. 1998a) . In NER, the strand conof meiotic nondisjunction of the X chromosome. All taining the damage is nicked 5Ј to the damage. When nondisjunction in mei-9 mutants occurs at the first meicoupled to a 3Ј nick made by another endonuclease with otic division and can be attributed to a severe decrease opposite polarity (XPG), an oligonucleotide containing in meiotic crossing over (Baker and Carpenter 1972 ; the damage is removed, allowing resynthesis using the Carpenter and Sandler 1974). Unlike other recombiintact strand as a template. MEI-9 presumably has this nation mutants, the 90-95% decrease in crossing over same function in Drosophila, and this function likely in mei-9 mutants is uniform throughout the genome. requires ERCC1, which has been shown to interact This property led Baker and Carpenter to conclude that strongly with MEI-9 in a yeast two-hybrid assay acts late in the recombination pathway, in the et al. 2000) .
actual process of exchange. The NER defect of mei-9 mutants results in extreme Since homologs of MEI-9 have DNA structure-specific hypersensitivity to UV (Boyd et al. 1976b) . In addition, endonuclease activity, we proposed a model in which mei-9 mutants are sensitive to ionizing radiation and MEI-9 cuts Holliday junctions in meiotic recombination crosslinking agents (Baker et al. 1978; Mason et al. intermediates (see below for a detailed description of 1981). These hypersensitivities are believed to reveal this model). However, there are no biochemical data to support this model. Indeed, it is not even known whether the meiotic function of MEI-9 requires its electrophoresis, proteins were transferred to polyvinyl difluoand in meiotic recombination are less clear. To gain ride (PVDF) membrane. MEI-9 was detected with rabbit polya better understanding of the role of MEI-9 in these clonal anti-MEI-9 serum, using the ECL detection kit (Amerpathways, we characterized a set of mei-9 mutations. We sham, Arlington Heights, IL).
determined the sequences of 14 mei-9 alleles and identiYeast two-hybrid assay: Yeast two-hybrid assays were done as in Yıldiz et al. (2002). fied 10 unique mutations. We genetically characterized these mutations for their effects on meiotic recombination and DNA repair pathways.
RESULTS AND DISCUSSION
Architecture of the MEI-9 protein: Drosophila MEI-9 MATERIALS AND METHODS shares extensive amino acid sequence similarity with human XPF and yeast Rad1p (Sekelsky et al. 1995;  Drosophila stocks and genetics: Genetic loci not described in the text are described in FlyBase (2001). Flies were reared Sijbers et al. 1996) . The highest degree of sequence on standard medium at 25Њ. similarity is found in the amino-terminal third (residues For all genetic experiments, males carrying the mei-9 allele 3-326 of MEI-9) and the carboxy-terminal third (resi- et al. 1995, 1999) . For X nondisjunction, mei-9 X /mei-9 A2 fe-MEI-9, XPF, and Rad1p share the first four (I, Ia, II, ) and half die (mei-9 X /meifor helicase activity are absent, so it is unlikely that these Perhaps the most significant conserved sequence in number of exceptional progeny is calculated as 2 ϫ (non-Bar MEI-9 is the nuclease domain, which is in the carboxy- of MEI-9 encompassing residues 600-926 interacts with
Sequencing of mutants:
The entire mei-9 protein-coding Drosophila ERCC1 in a yeast two-hybrid assay, but a region was sequenced from all 14 mutant lines. Individual fragment encompassing residues 1-626 does not (Fig- flies homozygous for each mutation were homogenized and ure 1B). In contrast, MUS312 interacts with MEI-9 resi-PCR was performed using gene-specific primers. PCR products were isolated on an agarose gel, purified, and sequenced didues 1-626, but not with residues 600-926 ( Figure 1B ).
rectly. Mutations were confirmed by sequencing the opposite
The interaction domains for ERCC1 and MUS312 therestrand from an independent amplification.
fore map to different regions on the MEI-9 polypeptide.
Western blot analysis:
Ovaries from mei-9 mutants were disMutations in mei-9 alleles: We collected 16 existing sected on ice and then ground and boiled in SDS sample mei-9 alleles, which were isolated in several different buffer. Samples were loaded onto a polyacrylamide gel at the equivalent of one pair of ovaries per lane. After separation by screens over a period of almost 30 years (Table 1) . Two Figure 1 .-Conserved motifs in MEI-9, XPF, and Rad1p. (A) Schematic of the primary structure of MEI-9, compared to XPF and Rad1p. Shaded boxes represent the positions of the helicase-like motifs (I, Ia, II, and III), the nuclease domain, and the carboxy-terminal helix-hairpin-helix motifs (HhH). Positions of mei-9 alleles are indicated. The bar below each schematic delimits the amino-terminal and carboxy-terminal conserved regions. Numbers below XPF and Rad1p are percentage of amino acid identity and similarity in these regions and in the central, less-conserved region. (B) Interactions between MEI-9 and MUS312 and between MEI-9 and ERCC1 in a yeast twohybrid screen. The regions encoding the indicated residues of MEI-9 were expressed as fusion proteins with Gal4 DNA-binding domain, and full-length MUS312 and ERCC1 were expressed as fusion proteins with Gal4 activation domain. Growth on ϩHIS indicates the presence of both plasmids; growth on ϪHIS indicates an interaction between the two fusion proteins.
of these, mei-9 D1 and mei-9
RT4
, showed neither hypersensimutation, and in the other three (mei-9
12
, mei-9 a , and mei-9
D4
) the result is a missense mutation. The nonsense tivity to DNA-damaging agents nor increased levels of chromosome nondisjunction, so they were not studied mutations are predicted to truncate the polypeptide after residue 103 (mei-9
A2
), 125 (mei-9 b ), or 498 (mei-9
11
). further. We sequenced mei-9 from the other 14 stocks to identify the molecular lesions responsible for the Both mei-9 A2 and mei-9 11 behave as null mutations in genetic assays (see below), but mei-9 b has been considmutant phenotypes (Table 1 and Figure 2 ). The mei-9
D2
and mei-9 D3 alleles were found to be identical and are ered to be hypomorphic (Baker and Carpenter 1972) . Two of the missense mutations are within the active referred to as mei-9
. Similarly, mei-9
A1
, mei-9
A2
, and mei-9 A3 were identical and are referred to as mei-9
. Finally, site of the nuclease domain. In mei-9 a , aspartic acid 658 is changed to asparagine. This residue is conserved in mei-9 RT2 and mei-9 RT3 were identical and are referred to as mei-9
RT3
. This analysis therefore identified 10 unique all proteins with the related nuclease domain. When the corresponding residue of XPF is changed to alanine, mei-9 mutations.
Two mei-9 alleles were recovered in a hybrid dysgenenuclease activity is abolished (Enzlin and Scharer 2002) . The same change made to Hef severely decreases, sis screen in which nonautonomous P elements were mobilized (Yamamoto et al. 1990) . The mei-9 RT1 allele but does not completely abolish nuclease activity (Nishino et al. 2003) . In mei-9
D4
, arginine 697 is replaced by has a 672-bp P element inserted into the 5Ј untranslated region, 119 bp upstream of the translation start site glutamine. In Hef, this arginine is involved in stabilizing the active site through electrostatic interactions with glu- (Sekelsky et al. 1995) . The mei-9 RT3 allele does not have a P element, but contains a single-base-pair insertion tamic acid residues 661 and 731. Although R697 is also absolutely conserved, substitution with alanine decreases just past the nuclease domain, resulting in a frameshift. The predicted product contains residues 1-742 followed but does not abolish the in vitro nuclease activities of XPF and Hef (Enzlin and Scharer 2002; Nishino et al. 2003) . by 50 novel residues.
The other eight mutations were induced by the alkylThe third missense mutation, mei-9
12
, changes glycine 306 to glutamic acid, resulting in a meiosis-specific mutant ating agent ethyl methanesulfonate (EMS). Of these, six have the most common alteration produced by EMS, phenotype (Yildiz et al. 2002) . The remaining two EMS-induced alleles of mei-9 are a G to A transition (Pastink et al. 1991) . In three cases (mei-9
A2
, mei-9 b , and mei- 9 11 ) the result is a nonsense small in-frame deletions. There is a 6-bp deletion in Figure 2 .-Alignment of MEI-9, XPF, and Rad1p and positions of MEI-9 mutations. An alignment of MEI-9 with human XPF and S. cerevisiae Rad1p (residues 90-1100) is shown. Residues that are identical or similar in all three species are indicated by white lettering on a black background; residues that are identical or similar only between MEI-9 and XPF are indicated by white lettering on a gray background. Motifs and domains that are shown include the helicase-like motifs (labeled I, Ia, II, and III), the nuclease domain, and the two helix-hairpin-helix (HhH) motifs (open boxes represent helices, connecting line represents hairpin). Mutations that we identified are shown above the MEI-9 sequence. Nonsense mutations are labeled with a hexagon; residues that are deleted in mei-9 D2 and mei-9 L1 are marked with the symbol ⌬. We also found several polymorphisms, which are indicated by parentheses above the MEI-9 sequence.
mei-9 D2
, resulting in the loss of two conserved residues terminal fragment is produced and is stable. However, Araj and Smith (1996) were unable to detect mei-9 at the beginning of helicase-like motif III. In mei-9 L1 , a 39-bp deletion results in the loss of 13 residues between transcripts in this mutant, suggesting that it is removed by nonsense-mediated mRNA decay. We therefore conhelicase-like motif III and the poorly conserved central region of the polypeptide.
sider mei-9 A2 to be a null allele molecularly. Consistent with this, mei-9 A2 behaves as a null mutation in genetic Expression of MEI-9 mutant proteins: To investigate the effects of mei-9 mutations on expression of MEI-9 assays (see below). We did not detect full-length MEI-9 in ovaries of mei-9 11 females, but we did detect a faint band protein, we probed blots of ovary extracts with a polyclonal rabbit serum raised against residues 316-665 (Fig- at a relative molecular mass of 65 kD. The predicted size of the MEI-9 11 truncation is 54 kD, so it is likely ure 3). The predicted size of wild-type MEI-9 is 106 kD, but the anti-MEI-9 serum recognizes a protein that runs that this band corresponds to the truncated protein.
Surprisingly, we detect a protein of approximately norat a relative molecular mass of ‫521ف‬ kD. Several polypeptides of lower molecular weight are also detected, mal size and abundance in ovaries of females homozygous for mei-9 b , which has a nonsense mutation at codon but since they do not change in mei-9 mutants, we conclude that they are unrelated to MEI-9. The two nuclease 126. Thus, there is some type of suppression of this nonsense codon, such as translational read-through or domain missense mutations (mei-9 a and mei-9
D4
) express MEI-9 at approximately wild-type levels.
mRNA editing. Suppression of nonsense mutations has been observed previously in Drosophila (Washburn We do not detect any MEI-9 protein in ovaries of females homozygous for the nonsense mutation mei-9
A2
.
and O'Tousa 1992; Samson et al. 1995) .
We also failed to detect MEI-9 protein in mei-9
RT1
, It is unknown whether the predicted 103-residue amino- 
mei-9 RT3
, or mei-9 D2 ovaries. For mei-9
RT1
, the P-element why we fail to detect this mutant protein. In contrast, the mei-9 L1 deletion predicts a protein lacking 13 residues insertion into the 5Ј untranslated region may affect transcription, splicing, or translation of the mei-9 mRNA, (199-212), 7 of which are conserved between MEI-9, XPF, and Rad1. MEI-9 L1 protein is readily detectable, resulting in decreased protein production. However, since this allele is not null (see below) MEI-9 must be though at a reduced level. Therefore, the 39-bp deletion [or the 13-amino-acid (aa) deletion] either decreases expressed at a level below our detection. The predicted MEI-9 RT3 protein is 15 kD smaller than wild-type MEI-9. transcription or translation efficiency or decreases stability of the protein. We do not detect any of this mutant protein on our blots, even after prolonged exposure times. Some researchers Meiotic defects in mei-9 mutants: Proper segregation of homologous chromosomes is dependent on the genhave proposed that the stability of the mammalian ortholog XPF requires the presence of its binding partner eration of reciprocal crossovers by the meiotic recombination pathway (reviewed in Hawley 1988). Failure to Ercc1 (van Vuuren et al. 1993; Gaillard and Wood 2001) . It is possible that MEI-9 RT3 is unstable because it generate crossovers results in nondisjunction, which will give rise to aneuploidy. Baker and Carpenter (1972) lacks the ERCC1-binding region and therefore cannot heterodimerize.
reported high levels of meiotic chromosome nondisjunction for the first two alleles of mei-9, mei-9 a , and The predicted MEI-9 D2 protein lacks two conserved residues (V143 and K144) from the motif similar to mei-9 b . We performed the same X chromosome nondisjunction assay on the 10 alleles we sequenced (Table 2) . helicase motif II. The function of this motif in MEI-9 and orthologs is unknown, so it is difficult to hypothesize
To control for genetic background effects, we examined .
the meiotic functions of the gene. A single crossover per pair of homologous chromosomes is sufficient to Most alleles caused a high level of nondisjunctionbetween a 70-and 110-fold increase relative to wild-type ensure disjunction, and only six to eight crossovers occur in a normal Drosophila meiosis (Carpenter and females.
The mei-9 RT1 allele stands out in that it causes only a Baker 1982). In contrast, the mutagen hypersensitivity assays are likely to induce extensive amounts of DNA sixfold increase. As described above, we did not detect MEI-9 protein in mei-9 RT1 ovaries. Because meiotic cells damage and therefore may require more MEI-9 protein for efficient repair. comprise only a small fraction of the ovary, it is possible
We further characterized the meiotic phenotype of that MEI-9 levels are not decreased as substantially in mei-9 RT1 females by directly measuring levels of crossing meiotic cells as in the rest of the ovary. Alternatively, over along the left arm of chromosome 2. We observed very low levels of MEI-9 may be sufficient to carry out a relatively small decrease in crossing over in this region. We conclude that sufficient MEI-9 protein is present in meiotic cells to provide nearly complete function. Although the meiotic phenotype of mei-9 b females was thought to be weaker than that of mei-9 a females (Baker and Carpenter 1972), in our assay there was no significant difference (P ϭ 0.73 by Fisher's exact test). We assayed each allele in trans to mei-9 A2 , so the difference Allele net-dpp dpp-dp dp-b b-pr could be due to genetic background effects or to the osis is in the meiotic recombination pathway, and it is believed that nondisjunction in these mutants is due stronger phenotype of a hypomorphic allele in trans to a null allele relative to the phenotype of a homozygous entirely to a defect in generating reciprocal crossovers (Carpenter and Sandler 1974) . It is possible that there hypomorphic allele. The amount of protein in mei-9 b ovaries is far greater than that in mei-9 RT1 ovaries, yet is a second function for mei-9 in meiotic chromosome segregation that is independent of the crossover funcmei-9 b females have a fairly strong meiotic defect, whereas mei-9 RT1 females have a very weak defect. Readtion. In Schizosaccharomyces pombe, for example, certain mutations in rec12, which encodes the homolog of though of the nonsense mutation in mei-9 b may replace the glutamine residue, which is conserved in XPF, with Spo11, have effects on the segregation of achiasmate chromosomes and on meiosis II disjunction (Sharif a residue that reduces or eliminates protein function, and this may explain the mei-9 b phenotype. et al. 2002) . The higher nondisjunction rates of some mei-9 alleles could be due to effects on these processes. Three other alleles, mei-9 D4 (R697Q, in nuclease domain), mei-9 12 (G306E, prevents interaction with MUS312), However, neither we nor others have observed meiosis II nondisjunction in mei-9 mutants (Baker and Carpenand mei-9 RT3 (frameshift at 742), result in a somewhat lower level of nondisjunction than the null allele meiter 1972; Carpenter and Sandler 1974; Ö . Yildiz and J. J. Sekelsky, unpublished data), and specific effects 9
A2
. Although the differences are statistically significant (P Ͻ 0.0001 in each case), it is unclear what the biologion achiasmate chromosome segregation have not been seen for mei-9 a (Baker and Carpenter 1972). cal significance is, if any. It is noteworthy that mus312 null alleles result in a level of nondisjunction similar to Sensitivity of mei-9 mutants to DNA-damaging agents: We determined the relative sensitivity of the different that of mei-9
12
, the meiosis-specific allele that results in a protein incapable of interaction with MUS312 (Yildiz mei-9 mutants to two DNA-damaging agents. UV introduces pyrimidine dimers and 6-4 photo products, which et al. 2002) . Like mei-9 12 mutants (see below), the level of crossing over in mus312 mutants is similar to or lower are repaired by the NER pathway. HN2 is a bifunctional alkylating agent that can introduce interstrand crossthan that of the null mutation mei-9
A2
. Similar differences in nondisjunction frequencies have been relinks, which are substrates for the less well understood ICL repair pathways. We applied these agents at doses ported for other Drosophila meiotic recombination mutants (Hall 1972; McKim et al. 1996) .
at which 80-90% of mei-9 null mutants die. Most mei-9 mutations cause extreme hypersensitivity to UV, consisWe further investigated the meiotic phenotypes of these mutants by directly measuring crossing over betent with the known function of MEI-9 in NER ( Figure  4A ). Only mei-9 12 mutants were not hypersensitive to tween net and pr, a 54-map-unit interval spanning the entire euchromatic portion of the left arm of chromo-UV. This allele was previously characterized as a separation-of-function mutation that disrupts the interaction some 2 (Table 3 ). All three of these mutations resulted in a severe decrease in crossing over across the entire between MEI-9 and its meiotic recombination partner MUS312, a protein that is not involved in NER (Yildiz chromosome arm. The magnitude of the decrease is similar to that of mei-9 A2 females, except in the case of et al. 2002) . Sensitivity to crosslinking agents such as HN2 indimei-9
D4
, which has slightly higher levels of crossing over. The decreased level of nondisjunction in mei-9 D4 may cates that mei-9 also has a role in the repair of ICLs (Mason et al. 1981) . Except for the meiosis-specific altherefore be due to residual function of the missense protein, but it is unclear why mei-9 RT3 and mei-9 12 prolele mei-9
12
, all mei-9 alleles showed strong hypersensitivity to HN2 ( Figure 4A ). The missense mutation mei-9 D4 duce 20-25% X nondisjunction, whereas others (including null mutations) produce 30-35% nondisjunction.
exhibited an intermediate phenotype by this assay. This result is not unexpected given that the human homolog The only known requirement for mei-9 in female mei- of MEI-9 (XPF) still has residual nuclease activity when no detectable effect on DNA repair. The basis of this phenotype is believed to be an inability to interact with an analogous mutation is introduced (Enzlin and Scharer 2002; Nishino et al. 2003) .
the meiosis-specific partner MUS312 (Yildiz et al. 2002) . The other is mei-9
RT1
, which has a P-element insertion Summary of mei-9 mutations: mei-9 A2 has a nonsense mutation predicted to truncate the protein after 103 in the 5Ј untranslated region of the gene. This mutation results in severe hypersensitivity to DNA-damaging residues. We cannot detect any full-length MEI-9 protein in mei-9 A2 mutant ovaries. This allele confers a severe agents, but only a mild meiotic defect. We were unable to detect MEI-9 in whole-ovary extracts of mei-9 RT1 fephenotype in every assay that we conducted, suggesting to us that it is completely devoid of MEI-9 activity. males, providing an explanation for the severe mutagen hypersensitivity. Given the low number of crossovers The mei-9 11 allele also has a nonsense mutation. This allele appears to produce a truncated protein compristhat must be generated to ensure segregation of meiotic chromosomes, a level of MEI-9 below detection on our ing the amino-terminal half of the MEI-9 protein. This allele behaves as a genetic null, with no apparent domiblots may be sufficient to fulfill the meiotic function. Alternatively, the insertion may disrupt expression in nant effects (Ö . Yildiz and J. J. Sekelsky, unpublished data) , suggesting that the small amount of truncated meiotic cells to a lesser extent than in other cells of the ovary. protein does not interfere with wild-type MEI-9 function.
A 6-bp deletion in mei-9 D2 results in the loss of two conserved residues, valine and lysine, from helicase-like The third nonsense mutation, mei-9 b , is a strong allele, despite the presence of nearly wild-type levels of MEI-9 motif III. Similarly, MEI-9 L1 lacks 13 residues from the amino-terminal conserved region. MEI-9 protein was protein.
Although the protein appears to be nonfunctional or poorly functional, cases such as this should be undetectable in mei-9 D2 females and reduced in mei-9
L1
females. These mutant proteins may fold incorrectly, taken as a caution against concluding that a nonsense mutation is necessarily a null mutation.
leading to decreased stability in vivo. Both alleles result in severe defects in all assays we conducted. Two of the 10 mutations are formally separationof-function alleles. One of these, mei-9
12
, is a missense A single-base-pair insertion in mei-9 RT3 results in a frameshift at amino acid 742. This would make a mutation that results in a severe meiotic defect, but MEI-9 protein lacking the ERCC1-binding region and also lacking the helix-hairpin-helix motifs essential for DNA binding. We do not yet know whether ERCC1 is required for meiotic recombination, but the observed meiotic phenotype in mei-9 RT3 mutants, as well as the sensitivities to UV and HN2, can be explained by an inability to bind DNA or by instability of the truncated protein.
Both mei-9 a and mei-9 D4 have missense mutations in the nuclease domain. A conserved aspartic acid residue at 658 is changed to asparagine in mei-9 a , and a conserved arginine at residue 697 is changed to a glutamine in mei-9
D4
. By analogy to similar changes made to XPF, MEI-9 a is predicted to lack nuclease activity, and MEI-9 D4 is predicted to have decreased nuclease activity. Both alleles increase sensitivity to UV and to HN2, although mei-9 D4 may be hypomorphic, and both mutations decrease meiotic crossing over and increase X chromosome nondisjunction. Although we have not characterized these mutant proteins biochemically, the 1994, 1996) . Resolution of this intermatid and one that has heteroduplex DNA remaining. mediate is accomplished through symmetric nicks made at each Holliday junction ( Figure 5 ). In the canonical model of Szostak et al. (1983) , resolution involves symHaber 1987), this high level of heterology does not affect meiotic recombination frequencies in Drosophila metrical nicking at each junction by a Holliday junction resolvase. To produce a crossover, different strands must (Hilliker et al. 1991) . Curtis and Bender (1991) used these heterologies to show that gene conversion tracts be nicked at each junction (i.e., each of the four strands is cut once). If the same two strands are nicked at both in mei-9 mutants are of similar lengths to those of wildtype females. junctions, noncrossover products result.
The two strands in regions of heteroduplex DNA are The meiotic recombination defect in mei-9 mutants therefore has two components: a decrease in crossovers derived from different homologous chromosomes, so there may be mismatches or other heterologies present.
without a corresponding decrease in noncrossovers and failure to repair heteroduplex DNA, without altering the Most such mismatches and heterologies are repaired efficiently during the recombination process. Repair frequency or length of heteroduplex DNA. Although it is possible that these two defects represent different can restore the original 2:2 ratio of alleles at a locus, or it can result in gene conversion, in which the ratio functions for MEI-9, we prefer a model in which both phenotypes are consequences of a single defect. In a is changed to 3:1.
Although crossover recombinants are severely demei-9 mutant, crossovers are reduced even in the absence of sequence polymorphisms, when there are no creased in mei-9 mutants, Carpenter (1982) found that noncrossover recombination events either were not reheterologies in heteroduplex DNA (Baker and Carpenter 1972; Rutherford and Carpenter 1988) . The duced or were increased in mei-9 mutants. However, she found that heteroduplex DNA often went unrepaired crossover defect is therefore not due to failure to repair heteroduplex DNA. in mei-9 mutants, leading to postmeiotic segregation (PMS), which manifests as recombinant progeny mosaic Given the DNA structure-specific endonuclease activities of mammalian and yeast homologs of MEI-9, we for two maternal alleles. The chromosomes used in her experiments were highly polymorphic, with 28 sequence propose that MEI-9 functions as a Holliday junction resolvase during meiotic recombination (Sekelsky et heterologies within the 5.6-kb locus examined (0.5% polymorphism). Unlike the case in fungi (Borts and al. 1995, 1998 We propose that the double-Holliday-junction intermeFellowship from the Smallwood Foundation. This work was supported diate is "resolved" instead through branch migration by a grant from the National Institute of General Medical Science to and decatenation, as in Thaler et al. (1987;  Figure 5B ).
J.J.S. (GM61252).
This process can generate only noncrossover products, which explains the lack of crossovers in mei-9 mutants. In addition, because no nicks are present, there is no we believe that ours is the most parsimonious model to 
